1. Introduction {#sec1}
===============

The lithium-ion battery has witnessed widespread applications ranging from portable electronics to electric vehicles or even electric grids, all benefiting from its high energy density, high power density, long cycle life, and environmental friendliness.^[@ref1]^ The design of the lithium-ion battery includes a cathode, an anode, and a separator, where the separator is a critical component that separates the anode from the cathode to prevent short circuit while allowing rapid transport of lithium ions in the liquid electrolyte.^[@ref2]^ To date, most commercial separators are made from polyolefin membranes. Although these membranes are characterized with excellent mechanical strength and chemical stability, they also suffer from severe disadvantages such as low porosity (about 40%), poor electrolyte wettability, low thermal stability, and unidirectional mechanical integrity.^[@ref2],[@ref3]^

Poly(vinylidene fluoride) (PVDF) has recently been investigated for a lithium-ion separator due to its superior film properties as compared to polyolefin ones, including good electrolyte affinity, excellent thermal stability, and superb electrochemical performances.^[@ref4]^ Other than these excellent physical properties, the β phase (TTTT) of the PVDF crystal shows the highest polarity and dielectric constant among all five crystal phases of PVDF,^[@ref5]^ which can benefit the ionization of lithium salt in the electrolyte, thereby increasing the lithium ion concentration in the electrolyte and improving the ionic conductivity. It has also been reported that both strong electric field and high temperature are favorable for the growth of the β phase.^[@ref6],[@ref7]^ Therefore, it is significant to explore a film-forming strategy that can provide both high temperature and strong electric field.

Recently, electrospinning has been widely used in fabricating nanofibrous membranes for lithium-ion battery separator applications,^[@ref8]−[@ref10]^ as electrospinning can offer membranes with favorable characteristics such as controllable fiber diameter, large specific surface area, and high porosity, which will necessarily lead to high electrolyte absorption and retention rate, as well as improved lithium ion conductivity. In general, electrospinning can be performed using either polymer melts or polymer solutions.^[@ref11]^ In comparison, melt-electrospinning (ME) is more economical and environmentally friendly due to the absence of organic solvents and the simplicity of the process.^[@ref12],[@ref13]^ In addition, as introduced previously, the high temperature and strong electric field during melt-electrospinning can favor the growth of the β phase of PVDF, which is hypothesized to improve the electrochemical performance of the PVDF separator.

Coating commercial lithium-ion battery separators with ceramic layers, such as SiO~2~, Al~2~O~3~, ZrO2, TiO~2~, and CeO~2~,^[@ref14]−[@ref19]^ has been extensively explored as an effective and economic way to improve the thermal stability and wettability of the separator. However, the conventional ceramic coating can also lead to several intrinsic disadvantages. First, the ceramic coating can block separator pores, resulting in poor electrolyte permeability and increased internal resistance of batteries.^[@ref20]−[@ref22]^ Second, the ceramic-coated separator consumes more than 20% binders that leads to increased production cost.^[@ref23]^ In addition, the large thickness of the ceramic layer, ranging from 3 to 20 μm, can increase the transfer resistance of the composite separator.^[@ref24]^ To address these problems, we propose a simple and feasible method, magnetron sputtering, to deposit ceramic nanoparticles onto the surface of the separator. Magnetron sputtering deposition (MSD) has been demonstrated as an effective surface modification method with a precise control of the nanoparticle shape, size, and distribution by adjusting the process parameters, such as power, pressure, and deposition time.^[@ref25],[@ref26]^

Herein, we successfully fabricate a novel fibrous separator by melt-electrospinning and magnetron sputtering. It is hypothesized that melt-electrospinning can introduce both high temperature and strong electric field to induce the growth of the β phase in the PVDF membrane. In addition, magnetron sputtering can grow nanometer-thick ceramic nanoparticle layers on PVDF fibers, which can further enhance electrolyte and lithium electrode affinity. By means of melt-electrospinning and magnetron sputtering, the as-fabricated ceramic nanoparticle-coated membrane showed improved thermal stability, electrolyte uptake and affinity, lowered impedance, and interfacial resistance, as well as enhanced discharge capacity and cycling performance in the lithium-ion battery.

2. Results and Discussion {#sec2}
=========================

2.1. Morphological and Chemical Analyses of Membranes {#sec2.1}
-----------------------------------------------------

Fourier transform infrared (FTIR) spectra of both the PVDF pellet and melt-electrospun membrane were acquired to investigate the effect of temperature and electric field on the crystalline-phase transformation. Both spectra showed the characteristic absorption peaks at 1186, 976, 876, 796, 765, and 615 cm^--1^, associated with the α crystalline phase of PVDF, as well as those at 1279, 1074, and 840 cm^--1^, associated with the β phase of PVDF.^[@ref27]^ Compared to the spectrum of the PVDF pellet, the peaks at 1148 and 850 cm^--1^ associated with the α phase disappeared in ME-PVDF, whereas the intensities of other α-phase peaks at 976, 796, 765, and 615 cm^--1^ decreased significantly. In addition, it clearly showed that the β-phase peaks at 1279 and 840 cm^--1^ increased significantly after the melt-electrospun treatment. At operating temperature above the melting point of PVDF, the crystal phase in PVDF pellets starts to melt and the molecular chain mobility increases with the increase of temperature;^[@ref28]^ under the action of the electric field, the rotation of the molecular chain and the orientation of the intrinsic dipoles lead to the all-trans plane zigzag conformation, thereby increasing the PVDF β-phase content as fibers cool down.^[@ref29],[@ref30]^ The change of these peaks indicates that both the high temperature and strong electric field can synergistically increase the β-phase content of the ME-PVDF.

The β-phase content of each membrane was calculated from the FTIR spectra by applyingwhere *F*(β) represents the β-phase content; *A*~α~ and *A*~β~ are the absorbances at 765 and 840 cm^--1^, respectively, corresponding to the α- and β-phase material; and *K*~α~ and *K*~β~ are the absorption coefficients at the respective wavenumber. The value of *K*~α~ is 6.1 × 10^4^ cm^2^/mol and that of *K*~β~ is 7.7 × 10^4^ cm^2^/mol.^[@ref30]^ The *F*(β) values of the PVDF pellet and ME-PVDF are 0.36 ± 0.01 and 0.61 ± 0.04, respectively. Therefore, the significant increase of the *F*(β) value in the melt-eletrospun membrane suggests that the melt-electrospinning process can promote the crystal formation of the β phase ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![FTIR spectra of ME-PVDF and PVDF pellets.](ao9b01541_0009){#fig1}

The morphologies and porous structure of the polyethylene (PE) membrane, ME-PVDF, and ceramic nanoparticle-coated membranes were demonstrated by scanning electron microscopy (SEM) images ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The PE membrane with a typical porous structure is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e. The as-spun PVDF membrane presents a three-dimensional network structure with abundant open pores among the fibers (the inset in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). ME-PVDF fibers show a rather smooth surface with an average diameter of 3.18 ± 0.63 μm. After sputter-coating, the PVDF fibers clearly showed increased roughness and the surface becomes more corrugated ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b--d). The increased surface roughness is hypothesized to be beneficial to the liquid electrolyte absorption, which will be further discussed in the latter part. As expected, the average fiber diameters increased to 3.28 ± 0.04, 3.25 ± 0.08, and 3.26 ± 0.02 μm for the Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF membranes, respectively, corresponding to respective ca. 50, 35, and 40 nm ceramic nanoparticle coating layers. Although the fiber diameters increased after sputter-coating, all of the ceramic nanoparticle-coated membranes remain porous, suggesting that the open pores were unaffected by the deposition of nanoparticles (the inset in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b--d). The presence of ceramic nanoparticles on the surface of ME-PVDF fibers was verified from the energy-dispersive spectrum (EDS) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The uncoated PVDF membrane showed only signals for C and F, whereas Al and Si atoms can be observed from the Al~2~O~3~- and SiO~2~-coated membrane with respective 0.12 and 0.32 wt % content (inset table in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The less Al content on the membrane could be due to the low-power setup during coating. As expected, both Al and Si atoms could be observed from the Al~2~O~3~/SiO~2~/PVDF composite membrane, with respective 0.04 and 0.12 wt % content. Overall, the Al and Si contents on the Al~2~O~3~/SiO~2~/PVDF composite membrane are less than those on the respective Al~2~O~3~/PVDF and SiO~2~/PVDF membrane, as the coating time was halved for the Al~2~O~3~/SiO~2~/PVDF membrane.

![SEM images of (a) ME-PVDF, (b) Al~2~O~3~/SiO~2~/PVDF, (c) Al~2~O~3~/PVDF, (d) SiO~2~/PVDF composite membrane, and (e) PE membrane. Insets are low-magnification SEM images.](ao9b01541_0001){#fig2}

![EDS elemental analysis of ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF composite nanofiber membranes.](ao9b01541_0006){#fig3}

2.2. Thermal Stability of the Membranes {#sec2.2}
---------------------------------------

The thermal stability of the separator membrane is a critical safety factor for lithium-ion batteries, as heat can be generated from continuous electrochemical reactions during charging and discharging within the battery. In addition, LIB has also been used at elevated temperature and/or at excessive discharge current, which requires high thermal stability that can withstand the temperature rise during service.^[@ref31]^ Separators without satisfying thermal stability tend to shrink or melt as the temperature increases, which can lead to short circuit or even explosion. The dimensional changes of polyethylene (PE) and ME-PVDF membranes after heating at 130 °C for 0.5 h are presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. At a starting diameter of 18 mm, the PE membrane shrank drastically with more than 47% areal shrinkage, whereas the ME-PVDF membrane only showed approximately 11% areal shrinkage. The higher thermal stability of the ME-PVDF membrane is expected considering its higher melting point of 170 °C as compared to the 130 °C for PE. After coating with ceramic nanoparticles, no obvious shrinkage could be observed, which demonstrates that the deposited ceramic nanoparticles can significantly improve the thermal stability of the ME-PVDF membranes. The uniformly deposited ceramic nanoparticles can serve as a thermostable framework to resist the dimensional variation of PVDF separators at high temperatures.

![(a) Photographs of PE and ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF separator membranes before and after thermal treatment at 130 °C for 2 h. (b) Thermogravimetric (TG) and (c) differential scanning calorimetry (DSC) curves of ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF membranes.](ao9b01541_0002){#fig4}

The thermal stabilities of the ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF composite membranes were further characterized by thermogravimetric (TG) curves under a nitrogen atmosphere from 200 to 700 °C ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The TG curves of all four membranes showed almost no mass loss at temperatures below 400 °C, indicating high thermal stability of the PVDF fibrous membrane. The onset degradation temperature was used to identify the temperature at which the membranes start to degrade, which showed increased values from 415 °C for the uncoated membrane to 421 °C for both Al~2~O~3~/PVDF and SiO~2~/PVDF membranes and 445 °C for the Al~2~O~3~/SiO~2~/PVDF membrane. The increased onset temperature after ceramic nanoparticle coating indicates improved thermal stability, which is caused by the more thermally stable outer inorganic layer. However, the char residues at 700 °C decreased with ceramic nanoparticle coating, showing respective values of 33.18, 29.41, 27.97, and 24.63% for ME-PVDF, Al~2~O~3~/PVDF, SiO~2~/PVDF, and Al~2~O~3~/SiO~2~/PVDF membranes. The decreased char residues might be due to the generation of hydrogen fluoride during the decomposition of PVDF,^[@ref32]^ which can easily react with Al~2~O~3~ and SiO~2~ to lead to greater weight loss on the residual portion of the membranes. The melting temperature of all four PVDF membrane was investigated from DSC curves ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), showing slightly increased values from 168.6 °C for the pure ME-PVDF separator to 169.8, 169.7, and 169.7 °C for Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF, respectively. The slightly increased melting temperature by the ceramic nanoparticle coating can be attributed to its interaction with PVDF fibers, which could restrict the polymer chain mobility.^[@ref33]^

In essence, ceramic nanoparticle coating can significantly improve the thermal stability of the ME-PVDF membranes, as indicated by less thermal shrinkage at 130 °C, increased melting temperature, and increased onset degradation temperature. Therefore, the ceramic nanoparticle-coated PVDF membrane can be better suited for lithium-ion battery applications.

2.3. Porosity and Electrolyte Uptake of Membranes {#sec2.3}
-------------------------------------------------

Ionic conductivity represents the rate of lithium-ion transportation between the cathode and anode and is essential to the LIB performance. It is highly dependent on the porosity and affinity toward electrolyte. Compared to the commercial PE separator, the ME-PVDF separator showed much higher porosity (74.8 vs 46.2%) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The high porosity of the melt-electrospun membrane is expected due to the large interfiber spacings as previously observed from SEM imaging. In contrast, pores on the commercial PE separator were generated by hot stretching of the PE film, which can only create a limited number of open pores within the film structure. It is therefore concluded that melt-electrospinning can effectively fabricate highly porous membranes for LIB separators. Ceramic nanoparticle coating can slightly lower the porosity to around 62--69% due to the increased fiber diameters, but it is still significantly higher than the porosity of the PE membrane.

###### Performance of ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, SiO~2~/PVDF, and PE Membranes

  sample                  thickness (μm)   bulk resistance (Ω)   ion conductivity (mS/cm, 25 °C)   electrolyte uptake (%)   porosity (%)
  ----------------------- ---------------- --------------------- --------------------------------- ------------------------ --------------
  ME-PVDF                 50               3.30                  0.754                             339.9                    74.8
  Al~2~O~3~/SiO~2~/PVDF   50.1             1.21                  2.055                             366.2                    61.8
  Al~2~O~3~/PVDF          50.1             1.90                  1.309                             346.6                    69.2
  SiO~2~/PVDF             50.1             2.63                  0.946                             369.6                    62.4
  PE                      25               5.14                  0.242                             155.6                    46.2

Apart from high porosity, good affinity between the separator and electrolyte is also critical for its electrochemical performance, as good wetting performance can facilitate the fast lithium-ion transport through a membrane. The wetting properties of the four membranes were evaluated by the liquid electrolyte spreading test (with 10 μL of electrolyte) and contact angle measurement (with 5 μL of electrolyte). The spreading of a drop of liquid electrolyte on the surface of ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, SiO~2~/PVDF, and PE membranes was recorded in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, showing limited wetting on the PE membrane and fast spreading through the whole ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF membranes within 2 s. In addition, the liquid electrolyte contact angles ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) on ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, SiO~2~/PVDF, and PE membranes were quantified as 25.1, 18.3, 20.7, 16.0, and 46.3°, respectively. It is clear that the PVDF membrane showed much better wetting behavior than that of the PE membrane. This could be due to the existence of the polar bonds (C--F) in the PVDF separator, therefore generating strong interaction with the polar electrolyte. In contrast, the PE membrane was made from hydrophobic polyolefin, which resulted in poor wettability with the polar liquid electrolyte.^[@ref21],[@ref34]^ As expected, coating of the PVDF membrane with ceramic nanoparticles can further lower the contact angle due to the more polar Si--O and Al--O bonds. An electrolyte update test was conducted to further confirm the porosity and wettability of the membranes. Due to its low porosity and poor wettability with the liquid electrolyte, the PE membrane only showed 155.6% electrolyte uptake, which is less than half of the electrolyte uptake for the uncoated and coated PVDF membranes (346.6--369.6%) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Combining with high porosity, high electrolyte uptake, and better wettability, the ceramic nanoparticle-coated membranes were expected to demonstrate improved electrochemical performance as compared to that of the commercial PE membrane or uncoated PVDF membrane.

![(a) Photographs of the wetting behavior. (b) Initial contact angles of the ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, SiO~2~/PVDF, and PE membranes with the liquid electrolyte.](ao9b01541_0007){#fig5}

2.4. Electrochemical Performance of Membranes {#sec2.4}
---------------------------------------------

To determine the electrochemical performance of ME-PVDF and ceramic nanoparticle-coated membranes, electrochemical impedance spectra (EIS) were used to measure their ionic conductivity ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b). Based on [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, the ionic conductivities of the PE, ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF separators were calculated to be 0.242, 0.754, 2.055, 1.309, and 0.946 at room temperature, respectively. The ionic conductivity of the PVDF membrane is more than 3 times of that of the PE membrane, which can be explained by its higher porosity and better electrolyte affinity. The ceramic nanoparticle coating can further enhance the ionic conductivity due to the improved liquid electrolyte affinity by the more polar inorganic oxide nanoparticles. The compatibility of the lithium electrode with these membranes was also evaluated by EIS using a Li/membrane/Li symmetric cell. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c shows the Nyquist plots of the Li/separator/Li cell at the open-circuit potential. The interfacial impedance between the lithium electrode and PE membrane was 83 Ω, which can be significantly reduced to 33, 29, 30, and 26 Ω for ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF membranes, respectively. The cell using ceramic nanoparticle-modified separators showed a reduced electrochemical resistance than that of the ME-PVDF separator, indicating smooth ion transport between the ceramic nanoparticle-coated separators and electrodes. Moreover, the SiO~2~/PVDF membrane exhibited the smallest interfacial impedance and therefore had the best separator--electrode compatibility. This is consistent with a previous research that a very thin inorganic oxide layer can negate the interfacial impedance between the solid-state electrolyte and lithium metal, owing to the high binding energy between lithium and the alumina layer.^[@ref35]^

![(a) Electrochemical impedance spectroscopy (EIS) profiles of ME- PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, SiO~2~/PVDF, and PE membranes at 25 °C; (b) magnified image of the EIS profile; (c) AC impedance spectra, and (d) linear sweep voltammograms (LSV) of the different separators.](ao9b01541_0008){#fig6}

The electrochemical stability of the composite membranes was investigated by the linear sweep voltammetry (LSV) method. The electrochemical operating window of membranes is described in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d. The obtained result for the PE separator saturated with the liquid electrolyte indicated that oxidative decomposition happens at the potential of about 4.5 V (vs Li/Li^+^), which was ascribed to the low oxidative stability of the solvent components in the organic liquid electrolyte. Much higher oxidative potentials can be observed for the ceramic-modified separators. The Al~2~O~3~/SiO~2~/PVDF separator was stable up to about 5.7 V electrochemically.

2.5. Battery Performance Analysis {#sec2.5}
---------------------------------

The charge--discharge measurement can directly assess the effect of the ceramic nanoparticle-coated separators on the electrochemical performance of batteries. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a displays the initial charge--discharge profiles of Li/separator/LiNiCoMn cells cycled at 0.5C. The initial discharge capacities for the battery using PE and ME-PVDF membranes as separators were 153.0 and 156.1 mAh/g, respectively, which slightly increased to 161.5, 159.8, and 158.8 mAh/g for Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF separators, respectively. It can be observed that the LiNiCoMn electrode using the ceramic nanoparticle-coated separators exhibited a slightly higher initial reversible capacity and lower charge--discharge potential gap compared with those of the one using the PE separator, possibly due to the higher ionic conductivity of the ceramic nanoparticle-coated membranes ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a).

![(a) Initial discharge capacity of the cells. (b) Battery cycle performance under 100 cycles of the 0.5C charge/discharge rate. (c) Rate capacity tests using the ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, SiO~2~/PVDF, and PE separators.](ao9b01541_0003){#fig7}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b presents the cyclic stability of the LiNiCoMn cathode using various separators in the voltage range of 2.8--4.2 V under 0.5C rate at room temperature. Other than the slightly different initial capacity of the LiNiCoMn cathode for all five separators, as in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, the fading rate also varies for these separators upon cycling. After 100 cycles, the discharge capacities of PE, ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF separators decreased to 120.5, 126.9, 135.6, 133.8, and 130.2 mAh/g, with specific capacity retention rates of 78.4, 81.3, 84.3, 83.7, and 82.0%, respectively. These results indicated that the Al~2~O~3~/SiO~2~/PVDF separator had the best performance in the lithium-ion battery, which indicated that the affinity of the ceramic nanoparticles to the electrolyte and the increased β phase of PVDF can improve the electrochemical performance of separators.

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c depicts the rate capability of LiNiCoMn/separator/Li cells with PE, ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF separators at discharge currents from 0.2C to 8C. With the increase of the current rate, the ceramic nanoparticle-coated separators exhibited improved capacity retention compared with that of the PE separator. For instance, at the current density of 8C, the cell assembled with the PE separator maintained 49.8% capacity relative to the capacity at 0.2C, whereas the cell containing the Al~2~O~3~/SiO~2~/PVDF separator maintained 58.4%. The superior rate performance of the Al~2~O~3~/SiO~2~/PVDF separator can be attributed to better wetting ability and higher ion conductivity. In addition, the binder-free, thin-layer ceramic nanoparticles facilitated efficient ion transport without affecting the pore structure.

3. Conclusions {#sec3}
==============

In summary, we prepared a ceramic nanoparticle-coated PVDF fiber membrane for lithium-ion batteries through melt-electrospinning (ME) and magnetron sputtering deposition (MSD). Under the synergistic effect of electric field and temperature of melt-electrospinning, the β phase of PVDF could improve effectively, thereby improving the ion conductivity. Compared to a commercial PE separator, the ceramic nanoparticle-coated separator exhibited good wettability, high ionic conductivity, and excellent thermal stability at high temperatures. The resulting lithium-ion battery containing the Al~2~O~3~/SiO~2~/PVDF composite separator exhibited high discharge capacity of 161.5 mAh/g and excellent cycling stability that retained a capacity of 135.6 mAh/g after 100 cycles, corresponding to 84.3% specific capacity retention rate. It is therefore concluded that the ceramic nanoparticle-coated ME-PVDF composite membranes are superior to PE membranes to be used as separators in lithium-ion batteries.

4. Experimental Section {#sec4}
=======================

4.1. Melt-Electrospinning and Ceramic Nanoparticle Coating of the PVDF Membrane {#sec4.1}
-------------------------------------------------------------------------------

PVDF with a number-average molecular weight (*M*~n~) of 5.5 × 10^4^ g/mol and low viscosity (melt flow index (MFI) of 100 g/10 min at 230 °C) was purchased from Yijia Plastic Materials Co., Ltd. A homemade melt-electrospinning instrument ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a) was used to fabricate the PVDF nanofiber membrane. For a typical spinning experiment, a portion of 2.16 kg of PVDF pellets was loaded into a copper syringe (Φ = 24 mm) with a blunt 0.8 mm spinneret. Melt-electrospinning was conducted at 220 °C to melt the PVDF in the syringe. A voltage of 20 kV was applied to the spinneret, and the spinning speed was set to 5 mL/h. A collecting plate covered by a piece of aluminum foil was used as a collector for fiber deposition.

![Schematics of (a) melt-electrospinning device and (b) magnetron sputtering deposition setup.](ao9b01541_0005){#fig8}

After electrospinning, the melt-electrospun PVDF (ME-PVDF) separator was dried at 60 °C and then sputter-coated with ceramic nanoparticles using a magnetron sputtering setup (JZCK-420B, Shenyang Jingyi Research Technology Co. Ltd., China) ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b) from both silicon and aluminum targets (99.9% purity, Hefei Crystal Materials Technology Co., Ltd.). Direct current and radio-frequency magnetron sputtering deposition techniques were used to deposit Al~2~O~3~ and SiO~2~ layers, respectively. The sputter chamber was first vacuumed to 8.9 × 10^--5^ Pa before purging with working (Ar) and reactive (O~2~) gases of 99.99% purity at different proportions ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Sputter-coating was carried out under a gas pressure of 0.8 Pa with respective power listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, and the coated ME-PVDF was named as SiO~2~/PVDF and Al~2~O~3~/PVDF. For the composite ceramic nanoparticle-coated PVDF membrane (SiO~2~/Al~2~O~3~/PVDF), the magnetron cosputtering method with two individual sputtering guns for SiO~2~ and Al~2~O~3~ was employed. The specific sputtering parameters in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} were selected based on the different oxidation properties of the silicon and aluminum targets. The thickness of the sputter-coated layer was determined using a quartz crystal microbalance (FTM107-A, Shanghai Taiyao Co. Ltd., China) as a catcher, and the thickness of the coated ceramic nanoparticle layers of all three membranes is around 200 nm. Immediately after sputter-coating, the ceramic nanoparticle-coated ME-PVDF membrane was further pressed using a hot press (Carver 4128, Carver Company, USA) at 75 °C and 10 000 psi for 10 min to ensure a flat surface for the lithium-ion battery separator application.

###### Specific Sputtering Parameters Used for the Three ME-PVDF Membranes

  sample                  Ar/O~2~   power (W)
  ----------------------- --------- ------------
  SiO~2~/PVDF             4:1       45
  Al~2~O~3~/PVDF          10:1      24
  SiO~2~/Al~2~O~3~/PVDF   7:1       SiO~2~: 45
  Al~2~O~3~: 24                     

4.2. Characterization of the Ceramic Nanoparticle-Coated Membrane {#sec4.2}
-----------------------------------------------------------------

Both melt-electrospun membranes and pellets were analyzed by Fourier transform infrared (FTIR) spectroscopy (Nicoletis10, Thermo Fisher Scientific Technology Co., Ltd., China) in the range of 600--4000 cm^--1^ to verify the PVDF crystalline-phase transformation. The membrane was sputter-coated with gold and examined by scanning electron microscopy (SU1510, Hitachi, Japan) at an accelerating voltage of 10 kV for the microscopic structure and morphology. The presence of inorganic elements of coated ceramic nanoparticles on the ME-PVDF membrane was investigated using energy-dispersive spectroscopy (EDS) (Quantax400, Bruker, German).

All membranes were thermally treated at 130 °C for 0.5 h to determine their respective areal thermal shrinkage (*A*), which was calculated using the following equationwhere *S*~0~ and *S*~T~ refer to the area of the membrane before and after thermal treatment, respectively.

Differential scanning calorimetry (DSC) (TA-Q200, Waters, China) was used to measure the thermal stability of membranes from 20 to 200 °C with a heating rate of 10 °C/min under a nitrogen atmosphere at a flow rate of 20 mL/min. Thermal gravimetric analysis (TGA Q500, USA Waters Industry) of the membranes was conducted from 20 to 700 °C under a N~2~ atmosphere at a heating rate of 10 °C/min.

The porosity of the membrane was calculated according to the following equationwhere *M*~m~ and *M*~BuOH~ represent the masses of the membrane before and after absorbing *n*-butanol, respectively, while ρ~BuOH~ and ρ~P~ represent the densities of *n*-butanol and PVDF, respectively.

The electrolyte wettability of the membranes was examined by the electrolyte spreading test. About 10 μL of electrolyte (1 M LiPF~6~ in ethylene carbonate, dimethyl carbonate, methyl ethyl carbonate EC/DMC/EMC, 1:1:1, by volume) was dropped onto the membrane in an argon-filled glovebox, and the electrolyte spreading was captured after 15 s. An optical contact angle meter (DCAT-21, GER Dataphysica Industry) was used to quantify the spreadability by taking the droplet contact angle of liquid electrolyte (with 5 μL of electrolyte) just dripped onto the membranes at room temperature. The electrolyte uptake was determined according to the following equationwhere *W*~0~ and *W* are the wet weights of the membrane before and after completely absorbing liquid electrolyte.

4.3. Electrochemical Performance of the Ceramic Nanoparticle-Coated Membrane {#sec4.3}
----------------------------------------------------------------------------

The ionic conductivity of membranes was determined by electrochemical impedance spectroscopy (EIS) using a CHI 660E electrochemical workstation (CH Instruments, Shanghai, China). The membranes were saturated with about 30 μL of liquid electrolyte, sandwiched between two stainless steel plates, and assembled as a coin cell (CR2032). EIS analysis was performed at a frequency range of 0.1--10^6^ Hz. The ionic conductivities were calculated by the following equationwhere *L* and *R*~b~ represent the thickness and bulk resistance of the membrane, respectively, and *S* is the area of the stainless steel electrode.

A lithium symmetric cell was assembled by sandwiching the electrolyte-saturated membrane between two lithium electrodes in a coin cell and was used to characterize the LIB interfacial charge-transfer resistance by EIS at a frequency range of 0.01--10^6^ Hz. The electrochemical stability window of the membranes was measured by linear sweep voltammetry (LSV). The membrane was sandwiched between a stainless steel working electrode and a lithium metal counterelectrode. The LSV test was carried out at a scan rate of 10 mV/s over a voltage range 2.5--6.0 V vs Li^+^/Li.

The performance of the PVDF membrane as a lithium-ion battery separator was tested in a coin cell assembly using metallic Li (Shenzhen Kejing Zhida Technology Co. Ltd., China) as an anode, an active material composition of 94.2 wt % LiNiCoMnO~2~ (Shenzhen kejing Zhida Technology Co. Ltd, China) as a cathode, and approximately 30 μL of electrolyte solution (1 M LiPF~6~ in EC/DMC/EMC, 1:1:1, by volume). Five different membranes were tested for comparison: separator PE as a control (20 μm thick) and ME-PVDF, Al~2~O~3~/SiO~2~/PVDF, Al~2~O~3~/PVDF, and SiO~2~/PVDF (the thickness for all PDVF membranes is 25 μm). The coin cells were assembled in a glovebox (Mbraun, Germany) filled with argon gas. The charge and discharge cycling tests on cells were performed at 0.5C with a battery test equipment (CT-3008W-5V1nA-S4, Shenzhen Neware Technology Limited, China). Cells were charged to 4.2 V and discharged to 2.8 V at current rates of 0.5C, 1.0C, 2.0C, 5.0C, 8.0C, and 10.0C for the measurement of rate capacity.
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